ABSTRACT Controllers are designed to regulate output voltage and improve dynamic performance of dc-dc converter to variable supply voltage, load current or circuit element variation. Conventional controller like PID has narrow dynamics that limit its application to quiescent supply input voltage and load current change. Recent research efforts are exploiting state of the art power electronics devices and high computational speed digital signal processor to improve transient and dynamics performance of power converters through advanced modern control techniques. This paper presents a design and evaluation of observer state output feedback controller for phase-shifted full bridge zero voltage switching dc-dc converter output voltage regulation to widen the supply input voltage. The converter closed-loop control was implemented in MATLAB/Simulink environment and the results demonstrated improved transient response to wider supply voltage and sudden load current change as compared with the conventional PID controller.
I. INTRODUCTION
T HE quest for high efficiency, high power density module demands high frequency operation of switching power converters [1] . Solid state device like field effect transistors (FET) devices that formed backbone of power converters has nonlinear characteristics with pronounced parasitic at high frequency which deteriorate their smooth operations for high power conversion ratio [1] . Phaseshift full bridge (PS-FB) zero voltage switching (ZVS) DC-DC converter allows high frequency switching operation with reduced switching losses by utilizing the circuit parasitic to reduce the switching losses for high power conversion ratio and efficiency [2] , [3] . This made the topology popular in high power applications like electroplating, telecommunication, automobile vehicle, uninterrupted power systems, and multiple stage inverter for renewable energy interface [4] , [5] .
A phase-shifted full bridge ZVS DC-DC converter topology comprised of two stage power conversion; the primary DC-AC providing AC square wave input to the high frequency isolation transformer and the secondary AC-DC full-wave rectifier providing output DC voltage to the load as represented in Fig. 1 . The advent of PS-FB converter was to address the issues of high current ringing effect, conduction and switching losses associated with the conventional full-bridge DC-DC converter. The distinction being the switching control technique between the convention and phase-shifted type. The converter switching operation employs phase-shift PWM control signal that allows zero voltage switching (ZVS) transition of FET devices during turn-on which minimizes the switching losses. The basic switching waveform of PS-FB converter is presented in Fig. 2 showing the gating control signals, the primary and secondary current-voltage waveform. The ZVS is achieved during the turn-on transition via resonance between the FET device output capacitance and the energy stored in the transformer leakage inductance.
Phase-shifted full bridge DC-DC converters are employed in renewable energy applications as front-end converter to synchronize different energy source and change voltagecurrent level to a desired value. Achieving tight regulated power with high efficiency largely depends on power module and the control unit design. The increasing availability of microprocessor at reduced cost to processing capacity stirred implementation of linear and nonlinear control laws in power converters design. In recent time, most popular advanced and modern control laws that have been applied to DC-DC power converters includes nonlinear and adaptive PID control [6] - [8] , fuzzy logic [9] - [11] , feedforward control, sliding mode control [12] , Posicast control [13] , [14] , state space control and nonlinear predictive control methods. These control techniques have significantly improved the system dynamics such as fast transient to line-load variation, robustness to disturbance and uncertainty, and wider operating conditions. DC-DC converter control design and analysis has witnessed paradigm shift from the conventional classical approach to modern time domain techniques with better overall system dynamic performance. Available literature on time domain control method like state feedback application to DC-DC converter are still limited as at present [15] - [19] . Time domain control techniques uses instantaneous system state variable as well as the output feedback which has potential advantage of providing better system dynamics in a time variant system like the DC-DC converter which is explored in this work.
Though several advanced control techniques like fuzzy control, model predictive control have been applied to DC-DC converter design and have produced good performance but they have issues of derivation complexity, implementation difficulty and more often demands high computational power. State space control methods like the state feedback implementation as presented in [20] shows that the controller can easily be implemented as conventional PI controller and a compensation module using most available low-cost microcontroller. Considering the potential advantages of state-space control methods that combines the use of system internal state with the output feedback variable, it will provide improved transient response to wider supply voltage and rapid load current change in DC-DC converters. Also, incorporating state observer to continually estimate system state will provide robustness against model inaccuracy, system uncertainty and disturbances.
This paper presents development of observer-state output feedback controller for PS-FB ZVS DC-DC converter output voltage regulation to wider supply voltage. Designing effective controller to improve converter transient response is important in renewable energy interface scheme. For example, hybrid energy systems require synchronization of energy sources with distinct voltage-current characteristics. The proposed a control scheme that will not only improve power quality but also prevent voltage stresses on circuit component that could lead to high failure rate. In order to obtained accurate model of the PS-FB converter for controller design, the recursive least square adaption algorithm was used to estimate the model parameters from the input-output voltage test measurement. The controller design, analysis, implementation and evaluation was carried out using MATLAB/Simulink software and the closed-loop control results show significant improvement on the converter transient and dynamics response to wider line-load variation compared to PID control approach.
II. CONTROL SCHEME
A feedback control architecture for phase-shifted full bridge DC-DC converter output voltage regulation is presented in Fig. 3 . The sensed output voltage V out is compared with reference voltage V ref to generate error signal which is driven to zero by the compensator through adjustment of PWM carrier signal phase-angle (φ) between PWM1 and PWM2. The phase difference between the fixed PWM2 carrier and variable PWM1 carrier is automatically adjusted based on control signal to maintain constant output voltage. The sensed output signal served both the compensator and the state estimator or observer while the control output signal is converted to angular equivalent (φ) to adjusts phase difference between PWM1 and PWM2 carriers. The PWM1 and PWM2 reference signal have similar voltage amplitudes of 1/2(V p ), where V p is carrier peak amplitude. The compensator shifts PWM1 carrier phase-angle by (φ) based on the control signal and PWM2 carrier remain unchanged. PWM1 generates two alternate gating signals S 3 and S 4 with minimum dead time to ensure ZVS transition of the FET devices on the same leg. Similarly, PWM2 generates alternate gating signals S 1 and S 2 to the other leg of the converter H-bridge inverter. The next two subsections present the mathematical derivation of the recursive least square adaption algorithm for the converter modelling and derivation of the proposed state-space control laws.
A. MODELLING VIA SYSTEM IDENTIFICATION
Adequate system model is a prerequisite for effective controller design. In this section, system identification technique for DC-DC converter model is presented with the general process architecture presented in Fig. 4 . The plant (converter) and model are subjected to same input and the resulting output error is minimized by an adaptation filter for the model parameter fitting. The tuning objective is to ensure that the measured plant output is as close as possible to the model output by finding best fit model parameter. The parameter estimation is a major task in the process and several adaptation algorithms have been proposed including the least square means (LSM), Normalized least square means (NLSM), and recursive least square (RLS) algorithm [21] - [26] . The recursive least square (RLS) algorithm was used for the parameter estimation owing to advantages of fast convergence rate and high estimation accuracy compared to other popular methods [27] . The RLS algorithm determines the unknown model parameter by recursively find the coefficients that minimize the quadratic cost function of the prediction error.
Recursive least square (RLS) algorithm is a batch process that depends on of least square (LS) solution. For a given linear system, the observed parameter y(t) can be expressed as:
Where ϕ 1 . . . , ϕ n are known functions, and ϑ 1 . . . , ϑ n are the true model parameters In vectoral form, (1) can be re-expressed as:
The LS objective is to estimate the unknown parameter θ such that the computed outputŷ(i) = ϕ T (i)ϑ is closed to the observed output y(i) in the least square sense.
The LS estimates θ such that the cost function J (θ, t) is minimized.
The LS estimation solution is obtained as:
Equation (3) can be expressed in column and row vectors as:θ
The new estimated parameterθ (t) depends on the previous parameter plus a correction term.
RLS solution in (5) shows that estimated parameterθ(t) depends on the last estimated termθ (t − 1) and the correction term P
(t)ϕ(t)[y(t) − ϕ T (t)θ(t − 1)]. P(t)ϕ(t) is the estimator gain (K ) updated recursively and the term y(t)−ϕ T (t)θ (t −1)
is the prediction error ε (t).
The covariance matrix P(t) is expressed as:
Applying matrix inversion Lemma to (6),
Therefore, RLS equations are summarised as:
B. OBSERVER STATE OUTPUT FEEDBACK CONTROL DESIGN
The detail on the derivation of full order observer state output feedback controller for output voltage regulation of PS-FB ZVS DC-DC converter in presented in this subsection. The first stage of the controller development involves state feedback design with an integrator to eliminate steady state error that normally associated with state feedback due to model inaccuracy or disturbances. In practical implementation, all state variable might not be available for feedback control due to cost constrains or difficulty of access to measurement variables, an observer was designed and incorporated to the control scheme. The details of mathematical derivation of the state feedback and observer state output feedback controller are provided. Full order state feedback regulator has associated steady state error and reference tracking problem since the control effort only depend on the system state variables. The output variable error is not feedback in the system control architecture. In order to overcome these challenges, an integrator is introduced in series with the plant (converter) to feedback the output voltage error which resulted in augmented state equation with extra state from n numbered state vector variables to n + 1 order. The additional voltage error state is denoted as e defined as e = r−y and placed at the bottom of second order state matrices of the converter presented in equation (10) .
The general state model representation of a linear timeinvariant (LTI) system is given by:
For a second order system, the state and output dynamics with reference error (e) is expressed as:
To investigate the effect of the converter output voltage error feedback on the closed-loop system, the control law is of the form (12) .
where
The augmented state equation yields state output feedback closed-loop state equation:
After the state feedback design, state observer is incorporated into the control scheme as presented in Fig. 5 to reconstruct an approximate state variable of the converter from measured output for feedback control action. The observer constructs estimated state vector (x) from the actual state vector (x) which is not exact at initial stage. The divergence between the state variables results in estimated output vector (ŷ) which is also different from measured output vector (y). The output error then provides the feedback to the observer such that the state error E(t) = x(t) −x(t) is reduced to zero at steady state. The estimated state with observer is expressed as:
The observer gain matrix L eliminates error dynamics (E) between the estimated and actual state by driven the state estimatex(t) to the actual state x(t).
Equation (16) shows that the dynamic behaviour of state error vector depends on the eigenvalues of (A − LC) and the roots of the characteristic equation |sI − A + LC)| is the observer closed-loop eigenvalues.
The observer state equation is expressed as:
The control law comprising of the estimated (observed) state feedback and the integral action is:
The observer state with the state feedback control signal u(t) yielded:
The actual system state feedback with control input u(t) yielded:ẋ
The observer state convergence depends on the observer error dynamicsx(t) = x(t) − E(t), therefore the observer state feedback becomes:
The resulting closed-loop state and output dynamics are:
The triangular structure of the closed-loop dynamics matrix block indicates that the eigenvalues of the (2n+1)-dimension closed-loop system dynamics has eigenvalues (n+1).
Incorporating the state observer into the designed state feedback with integrator yielded observer state output feedback controller that adequately cater for converter output voltage error as well as improving the controller reference tracking ability and robustness to system uncertainty and variability. The final control structure in Fig. 5 shows that the system does not require accurate knowledge of the open-loop plant to achieve zero steady-state error.
III. CONVERTER MODELLING AND CONTROLLER IMPLEMENTATION
This section presents model identification of PS-FB DC-DC converter and closed-loop control analysis which was implemented in MATLAB/Simulink.
A. CONVERTER PARAMETER IDENTIFICATION USING RLS
The dynamic model of a 3kW phase-shifted full bridge ZVS DC-DC converter is obtained via system identification techniques using the system input-output test data. The modelling process involves collection of sets of input-output voltage measurement of the designed DC-DC converter based on the specifications presented in Table 1 . The converter is subjected to variable supply voltage range between the minimum and maximum input voltage of 36V∼60V and the corresponding output voltage is measured for offline model parameter estimation. In order to adequately account for the circuit parasitic, MOSFET on-resistance R on , inductor internal series resistance (r L ), capacitance equivalent resistance (ESR o ) and the exact transformer turn ratio were all modelled in the system component within the MATLAB/Simulink.
Following the input-output voltage measurement, the converter model structure is selected. The control-to-output transfer function (G vd ) is presented in equation (25) which is a second order model with one-zero resulting from the output filter capacitor equivalent series resistance (ESR o ) and this has been proven in the mathematical model presented in [3] .
The System Identification tool box in MATLAB/Simulink was used to obtain the system transfer function parameters from the open-loop test input-output voltage measurement data. The model and validation test data are imported into the tool box as shown in Fig. 6 and pre-processed by removing data offset. The parameters estimation adaptation algorithm is based on recursive least square (RLS) and the suitability of the obtained model was validated with two other independents test data. Model analysis and evaluation in both time and frequency domain justified the accuracy for controller design. 
B. OBSERVER STATE OUTPUT FEEDBACK CONTROLLER
This section presents the design and implementation of the observer state feedback controller for PS-FB DC-DC converter closed-loop control. A PID controller was first designed as reference controller using Ziegler Nichole frequency tuning method. The converter step response with proportional controller (K P ) is driven to a critically stable region by varying the gain value with integral time constant (T i ) set to infinity (∞) and derivative time constant (T d ) set to 0. The corresponding gain and period at this point referred to as ultimate gain (K u ) and ultimate period (P u ) respectively were used to calculate the PID controller gains. The controller analysis was carried out in MATLAB/Simulink environment which allowed investigation of the system transient response, reference tracking ability and disturbance rejection capability.
The PS-FB DC-DC converter control-to-output transfer function is represented by equation (25) . The obtained model was transformed into the state and output variables conical form as presented in equations (26) and (27) . The inductor current i L (t) and the capacitor voltage v c (t) are the system state variables and the V out (t) is the output variable. The converter augmented state equation with integrator is:
The converter augmented output equation is:
The implementation and performance evaluation of full state feedback controller with integrator on the DC-DC converter are investigated using MATLAB/Simulink block presented in Fig. 7 The state feedback gain K n with integral control action were obtained as:
The converter state variables are the inductor current and capacitor voltage in which only capacitor voltage is available for feedback control. The observer was designed to estimate system state from the measured output voltage. Observer eigenvalues A − LC are typically chosen 5 to 10 times far left of the state feedback A − BK closed-loop pole location for fast error convergence. In this work, the observer pole locations are chosen as −30000±30000i. The Simulink block in Fig. 8 and m-function observer state feedback code in the appendix are used to investigate the observer error convergence. The obtained observer gains are:
The final control structure in Fig. 9 is an extension of the full state feedback controller with addition of observed state feedback (blue-lines). The MATLAB/Simulink block is used with m-function observer state output feedback code in the appendix to analyse the controller performance on the DC-DC converter dynamic response. The control scheme was used to regulate output voltage of the PS-FB converter when input voltage is varied over wider supply range and to rapid load current change. The details on the converter transient response to line-load variations are provided in the result section. 
IV. RESULTS AND DISCUSSION
The result analysis of the converter model and that of the controller performance on output voltage regulation of the system to variable line-load changes are presented in this section.
The observer state output feedback controller transient response to line-load changes shows improvement as compared to the conventional PID used as base controller.
A. CONVERTER MODEL EVALUATION
The PS-FB ZVS DC-DC converter input-output voltage measurement has been used to estimate the model parameters as presented in Table 2 . The converter model was analyzed in both time and frequency domain as presented in Fig. 10 and Fig. 11 respectively to investigate the system stability prior to controller design. The open-loop unit step response has settling time of 1 ms, 7 % overshoot and huge steady-state error. The bode plot in Figure 10 has an infinite gain and 60.6 • phase margin at 3.44 kHz gain crossover frequency. 
B. PID CONTROLLER
PID controller evaluation is presented in this subsection as a base controller for the developed observer state output feedback. The controller parameter was tuned using ZieglerNichol frequency response method and the ultimate gain (K u ) and ultimate period (P u ) that put the system in continuous oscillatory state were obtained as 1.4774 and 0.1 ms respectively. The calculated controller proportional gain (K p ), integral gain (K i ) and derivative gain (K d ) parameters are 0.88644, 1773 and 0.1108 respectively.
Presented in Fig. 12 and Fig. 13 are the closed-loop unit step and bode-plot of the converter with PID controller. The steady state error has been eliminated but with increased settling time from the open-loop 1 ms to 1.2 ms and high overshoot. The frequency response has infinite gain margin (GM), 81 • phase margin at 4.34 kHz gain crossover frequency. 
C. STATE SPACE FEEDBACK CONTROLLER
The time and frequency response of state feedback controller are presented in Fig. 14 and Fig. 15 respectively. The unit step response has huge steady-state error much likely due to model imperfection or disturbances acting on the system. The bode plot in Figure 15 has infinite gain margin (GM) and 70.3 • phase margin (PM) at 3.39 kHz crossover frequency.
The steady-state error is eliminated by the integral output feedback and the time and frequency response are presented in Fig. 16 and Fig. 17 respectively. The time response shows VOLUME 5, 2017 The results of the designed state observer and the observer state output feedback control are presented. The convergence rate between the observed state and actual system state was investigated for different initial state condition prior to the observer state output feedback controller implementation. Fig. 18 and Fig. 19 shows the observer response to nonzero initial state condition for x 0 = 0.1, x 0 = 1 with unit step input signal.
The observer state (red) rapidly track the actual state (blue) as observed in both Fig. 18 and Fig. 19 . The system controllability is shown in the state trajectories as the control input vector successfully transfer the system from initial condition x(t o ) to a final state x(t) in a finite time.
The final stage of the controller design involves incorporating the state observer in to the state feedback to improve the system robustness. The resulting observer state output feedback controller unit step response is presented in Fig. 20 and the reference tracking ability compared with that of PID controller is presented in Fig. 21 . The observer state output feedback has 1 ms settling time with no steady state error and oscillation. The PID controller settled almost same time but with very high overshoot and oscillation. The observer state output feedback controller demonstrated better reference tracking to set-point change with no overshoot and fast settling time.
The observer state output feedback controller response to unit step input and output disturbance were also investigated and the system response are presented in Fig. 22 and Fig. 23 . There is over 200 % overshoot to unit step input disturbance as shown in Fig. 22 and the system was restored to equilibrium within 0.1ms. Also, there is 100 % overshoot to output disturbance and the system was restored after 0.08ms in Fig. 23 . The observer state output feedback controller demonstrated fast disturbance rejection capability as observed from the system response to input and output disturbances.
D. CONTROLLERS PERFORMANCE TO LINE-LOAD VARIATION
Following the controller analysis, the closed-loop performance of the controllers on the DC-DC converter output voltage regulation to variable supply input voltage and load Fig. 24 and Fig. 25 . In Fig. 24 , when the converter input voltage is 48 V nominal value, the steady state output voltage is 400V. After 5 ms, the input voltage changed to 60V which is 25 % increase on nominal value and transient was observed on the output voltage before the controller brought the system back to equilibrium. The PID controller has 19 % surge on the output voltage while the observer state output feedback controller has 10 % overshoot. The two controllers brought the system back to steady state within 1 ms but the observer state output feedback controller demonstrated better disturbance rejection with less overshoot. Also depicted in Fig. 24 is the controller's transient response when the supply voltage returns to 48V nominal from 60V after 10 ms. The observer state output feedback controller has lower voltage sag of 9 % on the output voltage compared to the PID controller 16 %.
In converter design, minimal transient is required to prevent voltage stresses on the circuit components or disturbance propagation to the loads that could result in system high failure rate or damage.
The controller response to load change from 50 % load current to full load after 5 ms are presented in Fig. 25 . As expected, sudden load change resulted in output voltage sag which is undesirable. The PID controller has 11 % sag on the output voltage and the observer state output feedback controller has 7 % undershoot. The observer state output feedback controller has better load disturbance rejection with lower undershoot as compared to the PID controller. The improved transient response demonstrated by the observer state output feedback controller shows that it has the capability to widen the control dynamics of DC-DC converters more especially in designing power interface for energy sources characterised with variable generations.
V. CONCLUSIONS
An observer state output feedback controller has been designed for phase-shifted full bridge ZVS DC-DC converter output voltage regulation using MATLAB/Simulink. The controller demonstrated improved disturbance rejection capability, reducing output voltage surge by 45 % as compared with the PID controller when the system is subjected to wider supply voltage variation from 48 V nominal to 60 V. Also, the observer state output feedback controller demonstrated improved transient response to sudden load current change from 50 % to full load compared to conventional PID controller. The closed-loop evaluation of the controller shows that it has better potential for tight output voltage regulation in DC-DC converter application. 
